We have used a DNA competition binding assay to search for herpes simplex virus (HSV) proteins which are able to bind to specific sequences of the genome of HSV. Cloned DNAs from different regions of the virus genome were tested. Two late polypeptides, one major of apparent molecular weight 21000 and one minor of 22 000, were preferentially bound by a variety of fragments containing the HSV-1 400 bp a sequence (a direct repeat present at the ends of the molecule and in inverted orientation between the long and short regions of the genome) but not by other competing DNAs including ones containing an origin of replication. We interpret our result as evidence that the HSV type 1-induced 21K and 22K polypeptides interact specifically with DNA sequences within this 400 bp HSV-1 a sequence.
INTRODUCTION
Herpes simplex virus (HSV) induces at least 17 proteins which bind to DNA (Bayliss et al., 1975; Purifoy & Powell, 1976; Becker et al., 1980) . Four of these have been characterized in some detail. Most studied is the major DNA-binding protein which is essential for DNA replication (Powell et al., 1981 ; Conley et al., 1981 ; Lee & Knipe, 1983) and acts to melt the DNA helix (Powell et al., 1981) . Two HSV-induced enzymes, DNA polymerase and alkaline exonuclease (Keir & Gold, 1963) , also bind to DNA (Bayliss et al., 1975; Powetl & Purifoy, 1977; Hoffmann & Cheng, 1978; Strobel-Fidler & Francke, 1980; Banks et al., 1983) even when the enzymes had been purified to a degree to give a single band on SDS-polyacrylamide gels (Powell & Purifoy, 1977; Banks et al., 1983) . The fourth protein, an immediate-early regulatory protein designated IE 175 or cdCP 4, does not itself bind to DNA but appears to require a cellular protein for binding (Freeman & Powell, 1982) .
The recent identification in the genome of HSV type 1 (HSV-1) of replication origins (Vlazny & Frenkel, 1981 ; Stow, 1982; Mocarski & Roizman, 1982a; Spaete & Frenkel, 1982) and of the DNA sequences required for the encapsidation of the viral genome (Stow et al., 1.983) suggested to us that these DNA sequences might specifically interact with protein(s). Accordingly, we used a DNA competition binding assay and tested DNA from several different regions of the HSV genome to identify sequence-specific binding proteins.
METHODS
Cells. BHK-21 clone 13 cells (Macpherson & Stoker, 1962) were used throughout. Virus. HSV-1 strain 17 syn + (Brown et al., 1973) was used in this study. Preparation of DNA. Competing DNAs were obtained from plasmids containing HSV-1 DNA inserts. Plasmid DNA was prepared (Davison & Wilkie, 1981) and, after treatment with the appropriate restriction endonucleases, the cloned HSV-1 fragment was isolated on a 5 ~ non-denaturing polyacrylamide gel. Fragments were visualized by staining with ethidium bromide and an acrylamide slice containing the band of interest was excised. KpnI r Fig. 1 . DNA sequences used in the competition assay. The HSV-1 sequences used in the competition assay and the regions of the HSV-1 genome from which they arise are shown above and were derived as follows: the HSV-I sequences contained in pT2A22, pS 1, pS 14 and pS61 were all derived from BamHI x. pT2A22 was derived from a plasmid pGX59 (Stow, 1982) . This plasmid consists of the TaqI a fragment from BamHI x cloned into the ClaI site ofpAT153. Partial cleavage with Xmal and re-ligation resulted in a 293 or 305 bp deletion as shown, the ambiguity resulting from an uncertainty about which of the two adjacent Sinai sites mark the left-hand endpoint of the deletion. The HSV sequences can be excised using EcoRI and HindlII. pSI is a Sau3A fragment which was inserted into the BamHI site of pAT and can be excised with BamHI . pS14 and pS61 are Bal31 deletion mutants of pS 1 and the related plasmid pS6 . Both are inserted between the BamHl and Sail sites of pAT153 and can be excised using a combination of these two enzymes, pGX60 was produced by inserting BamHI y (1840 bp) into the BamHI site of pAT153 (Stow, 1982) . Digestion with HinfI yields a 619 bp fragment (Murchie & McGeoch, 1982) . The derivations of plasmids pG3b, pR 10 and pR9 which have a sequence containing fragments have all been described . Plasmid pG3b contains the EcoRI plus HindllI fragment of plasmid W7 inserted between the corresponding sites of pUC9 (Fig. 2e of . Plasmids pR9 and pR10 correspond to the constructs shown in Fig. 3 To extract the DNA from the acrylamide, the slice was first forced through a small hole in a 1.5 ml plastic reaction vial (Sarstedt) by centrifugation at 11600 g. This material was resuspended in 500 mM-ammonium acetate, 1 mM-EDTA and 0.1 ~ SDS and shaken at 42 °C overnight. The acrylamide was removed by filtration through a Whatman GF/C filter, and the DNA precipitated twice with ethanol and resuspended in 10 mM-Tris-HC1 pH 7-5, 1 mM-EDTA. The DNA yield was estimated by measuring the absorbance at 260 nm and use of the conversion factor: 1 A260 unit = 50 ~tg/ml DNA. Salmon testes DNA was sheared to a size range of 300 to 700 bp by sonication (4 x: 7 s at 50 W) in 500 mM-NaC1, 1 mM-EDTA, 100 mM-Tris-HCl pH 7.5. Preparation of infected cellprotein extract. Confluent monolayers of BHK-21 cells in 90 mm diam. dishes were infected with HSV-1 strain 17 syn ÷ at a multiplicity of infection (m.o.i.) of 10 p.f.u./cell. After 1 h, unadsorbed virus was removed and replaced by fresh medium (Glasgow modified Eagle's medium + 10~ calf serum). At the times indicated in the text [35S]methionine (sp. act. > 1000 Ci/mmol, Amersham) was added at a concentration of 200 ~tCi/ml in phosphate-buffered saline (PBS). The infected cells were labelled for 3 h then washed three times with PBS, once with deionized water and then scraped off into 1.25 ml water. After resuspension, an equal volume of lysis buffer (4 M-NaCI, 40 mM-Tris-HC1 pH 8.2, 2 mM-EDTA, 2 mM-2-mercaptoethanol) was added. The mixture was incubated at 0 °C for 30 min and then centrifuged at 100000g for 1 h. To remove the high salt the supernatant was applied to a Sephadex G-25 column (PD 10, Pharmacia) which had been pre-equilibrated with B2 buffer (50 mM-NaC1, 20 mM-Tris HC1 pH 8, 1 mM-EDTA, I mM-2-mercaptoethanol, 10% glycerol). Proteins were eluted from this column using B2 buffer. The eluate was centrifuged at 10000g for 1 h to remove any precipitate and the supernatant used immediately for the DNA competition binding assay.
Competition binding assay. The assay is based on the procedure of Mulvihill et al. (1982) . The protein extract described above was loaded onto a salmon testes DNA--cellulose column (1 ml bed vol. ; Alberts & Herrick, 1971 ). The flow through was collected and the column was washed with 20 ml B2 buffer. The first and last 1 ml fractions were collected for analysis. Competing DNA (0.5 ml, 20 gg/ml in B2 buffer) was then run into the column. The displaced buffer was collected. The competing DN A was allowed to equilibrate with the column for 15 min at 4 °C when a further 3 ml of B2 buffer was added to the column and 0.5 ml fractions were collected. Proteins bound to the competing DNA were dissociated from it by boiling in SDS/2-mercaptoethanol and were analysed by SDS-PAGE using the buffer system of Laemmli (1970) . Gels were treated with En3Hance (New England Nuclear), dried and exposed to Kodak X-Omat XS1 film.
RESULTS
The competing DNAs used in the DNA competition assay are shown in Fig. 1 . They were derived from plasmids which have the following properties. Plasmids pSI, pS14 and pS61 have sequences including the IRs/TRs origin of replication. Plasmid pT2A22 contains sequences flanking, but not including, the origin of replication . Plasmids pG3b, pR9 and pR10 contain the sequences required for encapsidation of the viral genome . Plasmid pGX60 contains part of the sequences encoding the immediate-early polypeptide IE 175. This region of HSV DNA is not known to contain control elements (Murchie & McGeoch, 1982) .
The DNA competition assay used was based on that described by Mulvihill et al. (1982) . This involves free DNA competing with DNA immobilized on a cellulose column for proteins originally bound to the immobilized DNA. If a polypeptide has a higher affinity for the free competing DNA than for the immobilized DNA, then it will be preferentially displaced and can be eluted from the column. To perform the experiment an extract of protein from HSV-infected cells was loaded onto a salmon testes DNA column and washed with B2 buffer. We previously determined the amount of washing necessary to remove all unbound protein and a sample of the eluate from the washed column was taken for analysis by SDS-PAGE to ensure that there were no proteins present. The competing fragment was then run into the column and the proteins displaced from the immobilized DNA were analysed.
IRs, part of the long and short internal repeats; TRL and TRs, part of the long and short terminal repeats; 'a', 400 bp a sequence. The nucleotide numbers delimiting the ends of the competing DNAs correspond to the numbering systems of: , pT2A22, pSI, pS14 and pS61; Murchie & McGeoch (1982), pGX60; Davison & Wilkie (1981), pG3b; , pR9 and pR10. KpnI r and KpnI k have not yet been completely sequenced; however, their sizes as estimated from gels are approximately 3600 bp and 4400 bp respectively (Preston et al., 1978) . Fig. 2 shows the result of an e x p e r i m e n t using several different f r a g m e n t s as c o m p e t i n g D N A . All D N A f r a g m e n t s displaced a similar s p e c t r u m of proteins (lanes 1 to 7). H o w e v e r , the D N A f r a g m e n t derived from p l a s m i d p G 3 b (lane 1), a n d only t h a t f r a g m e n t , displaced in a d d i t i o n a protein of a p p a r e n t mol. wt. 21000 (21 K) together with a f a i n t e r b a n d of mol. wt. 22 000 (22K). W e note t h a t a protein w h i c h m i g r a t e s faster t h a n V,~,,136' was eluted with pS1 (lane 3 i i : Fig. 3 . Further delineation of the HSV sequences with which 21K and 22K specifically interact. The experimental procedure was as outlined in the legend to Fig. 2 , except that cells were labelled from 8 to 11 h post-adsorption. Competing DNAs were : lanes 2 and 2', sonicated salmon testes DNA; lanes 3 and 3', HSV DNA from pG3b; lanes 4 and 4', HSV DNA from pR9; lanes 5 and 5', HSV DNA from pRl0; lanes 6 and 6', HSV DNA from pS1. The left-hand panel is a composite of two autoradiographs of the same gel. The exposure time of lanes 4 and 5 is less than that of the other tracks and was chosen so that the intensity of the non-specifically eluted proteins (e.g. 43K) is approximately the same for all lanes. The right-hand panel (lanes 2' to 6') shows an autoradiograph with a longer exposure of lanes 2 to 6 to show more clearly the 21K and 22K polypeptides eluted by HSV DNA from pR9 (lane 4') and pR10 (lane 5'). Figures to the left refer to the tool. wt. x l0 3 of the HSV-1 proteins.
believe the migration of the band is aberrant in this experiment since in all other experiments with pSi the band co-migrated with ¥~,w136'. To delimit further the sequence to which 2 1 K / 2 2 K bind a similar experiment was carried out using D N A obtained from two additional plasmids, p R 9 and pR10 (Fig. 3) . p R 9 contains the a sequence plus 160 bp of TRs. pR10 contains the 400 bp a sequence plus 200 bp o f T R L (TRL and I R e are equivalent as are TRs and IRs) (Fig. 1). Only HSV D N A from p G 3 b (lanes 3 and 3' ), pR9 8) were made from infected cells labelled from either 3 to 6 h or 6 to 9 h post-adsorption (lanes 1 to 4 and 5 to 8 respectively). The experimental procedure was that outlined in the legend to Fig. 2 . The extracts applied to the column are shown in lanes 1 and 8. Competing DNAs were: HSV DNA from pR9 (lanes 2 and 5), HSV DNA from pRl0 (lanes 3 and 6) and sonicated salmon testes DNA (lanes 4 and 7). The figure is a composite of three different exposures from the same gel (lanes 1 and 8, 12 h; lanes 2 to 6, 60 h; lane 7, 144 h). The exposure for lane 7 was chosen so that the intensity of the nonspecifically eluted proteins is approximately the same as in lanes 2 to 6. The need for a longer exposure of lane 7 reflects the lower radioactivity in this fraction (the fractions loaded on tracks 2 to 6 contained 35000 to 49000 c.p.m./10 ~tl while that loaded on lane 7 contained only 19000 c.p.m./10 ~tl). Figures to the right refer to the tool. wt. × 10 -3 of the HSV polypeptides.
(lanes 4 a n d 4') a n d p R l 0 (lanes 5 a n d 5') eluted 21K a n d 22K. H S V D N A s from pS1 (lanes 6 a n d 6') a n d sonicated s a l m o n testes D N A (lanes 2 a n d 2') did not. T h e only sequences w h i c h p G 3 b , p R 9 a n d p R 1 0 share are those c o n t a i n e d w i t h i n the 400 b p a sequence. Previous kinetic studies s h o w e d t h a t late in infection, after the onset o f H S V D N A synthesis, a 2 1 K p o l y p e p t i d e is i n d u c e d in large a m o u n t s a n d a 22K p o l y p e p t i d e in lesser a m o u n t s (Marsden et al., 1976) . We therefore tested whether the 21K and 22K p01ypeptides which bind specifically to the a sequence were made early or late in infection. The results of this experiment are shown in Fig. 4 . Protein extracts were made from infected cells labelled early (3 to 6 h postadsorption, lane 1) or late (6 to 9 h post-adsorption, lane 8) and loaded onto salmon testes DNAcellulose columns. Only trace amounts of the 21K and 22K polypeptides could be eluted from the early extract with any competing DNA (lanes 2 to 4). As expected, from the late extract the 21K and 22K polypeptides were preferentially bound to and eluted by the a sequence-containing DNAs of plasmids pR9 and pR10 (lanes 5 and 6) as compared to sheared salmon testes DNA (lane 7). This result shows that the 21K and 22K polypeptides which interact specifically with the a sequence are synthesized predominantly only late in infection. We occasionally but not consistently saw three other polypeptides (140K, 75K and 33K) eluting with a sequencecontaining DNA. All were seen in this experiment and their possible significance is discussed later.
DISCUSSION
We have used a DNA competition binding assay to search for HSV-induced proteins which might interact specifically with regions of the HSV genome. The HSV DNA fragments that were used include three which contain the HSV origin of replication from the short terminal repeats (pSI, pS14 and pS61), one from which the origin of replication had been deleted (pT2-A22) and three which included the a sequence containing the signals required for packaging of the viral genome (pG3b, pR9 and pR10). As controls, we used DNA that was not likely to contain a high molar abundance of sites to which proteins would specifically bind. These control DNAs were: the HSV-derived component of plasmid pGX60, which has sequences from within the structural gene for the immediate-early protein IE175, sheared DNA from the whole HSV genome (data not shown) and sheared salmon testes DNA. The results we have presented demonstrate that HSV-1-induced polypeptides of mol. wt. 21000 and 22 000 interact specifically with DNA contained within the 400 bp HSV-1 a sequence. Whether they bind directly to the a sequence or are bound through some other protein which itself is bound to the a sequence is not known. Occasionally, we have observed other proteins to bind to the a sequence, in particular 140K, 75K and 33K (Fig. 4) . These proteins provide candidates for intermediate binding proteins.
Qualitatively, our results are quite unambiguous and show for the first time specific interaction of HSV polypeptides with HSV DNA sequences. Quantitatively, the amount of 21K and 22K protein bound by a sequence-containing DNA varies between experiments. For example, in the experiments shown in Fig. 3 , the amount of 21K/22K eluted by DNA from plasmid pR9 is less than that eluted by DNA from plasmid pR10. In another experiment the reverse was true and in the experiment shown in Fig. 4 the amounts eluted are about equal. The reasons for this variability are under experimental investigation but are still not understood.
We observed no protein that was consistently bound to and eluted by DNA fragments containing the HSV origin of replication. This should not be taken as evidence that no such protein exists but may merely mean that our assay is not sensitive enough to detect such a protein.
Two earlier reports are relevant to our observation that 21K/22K interact with the a sequence. First, Hyman (1980) showed that there are four proteins tightly bound to highly purified HSV-1 DNA. These proteins had estimated mol. wt. of 71000, 50000, 20000 and 16000 and it is possible that their 20000 polypeptide corresponds to our 21K/22K polypeptides. Secondly, Wu et al. (1979) , who developed a method for visualizing by electron microscopy proteins bound to nucleic acids, observed electron-opaque dots representing bound proteins close to the ends of the HSV-1 genome and also at the junction of the long and short regions. It is possible that the 21K/22K DNA-binding proteins described here are involved in producing the electron-opaque dots observed by them.
The 21K and 22K polypeptides probably correspond to ICP 47 and 48 (Honess et al., 1980) . Kinetic studies of HSV polypeptides induced in infected cells (Marsden et al., 1976) established that they are induced only late in infection. The observation (Fig. 4) that the 21K and 22K a sequence-specific binding proteins are not induced until late after infection suggests, but does not prove, firstly that they are virus-specified and secondly that they are the ones previously recognized in whole infected cells. This possibility is under investigation.
Interaction of the 21K/22K proteins with the a sequence is of interest not only because the a sequence contains the signals for packaging of the viral genome but also because it is involved in genome inversion. This phenomenon is related to the HSV genome structure which consists of a long (L) and short (S) segment, each of which comprises a unique region (UL, Us) bounded by inverted repetitions (TRL, IRL, TRs, IRs). The a sequence is present at the ends of the molecule as a direct repeat (within TRL and IRL) and also in inverted orientation at the joint of the L and S segments. Virion DNA populations contain four types of molecule that arise by inversion of the L and S segments about their mutual joint (Sheldrick & Berthelot, 1974; Hayward et al., 1975; Clements et al., 1976; Delius & Clements, 1976; Wilkie & Cortini, 1976; Skare & Summers, 1977) . The role of the a sequence in inversion was demonstrated by inserting a sequencecontaining fragments from the joint, L terminus or S terminus into the UL region. This generated additional inversion events of DNA fragments bounded by inverted a sequences showing that the signals for inversion lie within the a sequence (Mocarski et al., 1980; Smiley et al., 1981 ; Mocarski & Roizman, 1982a, b) . Although our results provide no evidence concerning the functional relevance of the specific interactions between the 21K/22K polypeptides and the a sequence, the involvement of the sequence in packaging and in genome inversion suggests that the proteins may be involved in one or both of these functions. Whether they play a direct enzymic role, act to direct other active proteins to the site or function as part of a multi-enzyme complex is not known.
